Photosynthesis was the most important biological process on earth 1 . It was the unique approach by which plants gained energy from the environment. There were three basic effects when light struck a leaf surface: absorption, reflection and transmission. The major part of light was absorbed by the chlorophyll used for photosynthesis, and only a small proportion was de-excited via emission with a longer wavelength as fluorescence, or dissipation as heat 2 . Chlorophyll fluorescence emissions occurred in the red and far-red regions of the plant spectrum (650-800 nm) 3 . Changes in chlorophyll fluorescence parameters of plant leaves could reflect the changes of environmental factors and their effects on plant photosynthetic physiology to a certain extent 4 . In many chlorophyll fluorescence parameters, F v /F m was used to characterize the conversion efficiency of the light energy of the PS II reaction center, and its numerical changes were of special significance. However, conventional methods of assessing F v /F m from field observations, that involved site-specific complicated parameterizations and calculations, made it difficult to apply over large agricultural areas 5 . These shortcomings could be overcome through the complementary use of hyperspectral measurements of crops, which had several advantages -non-destructive, uniform, could be performed rapidly, and no complicated parameterizations were necessary.
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Assessment of F v /F m from vegetation indexes (VIs) derived from hyperspectral data, especially remote sensing data, have been reported by several studies [6] [7] [8] [9] [10] . For instance, some researchers compared the performance of VIs to assess F v /F m of legume crops and reached the conclusion that out of the nine kinds of VIs with a close relationship with F v /F m , modified soil adjusted vegetation index (MSAVI) performed best 11 . If ground cover was significant, the impact of the background significantly reduced, and F v /F m could be better estimated using normalized difference vegetation index (NDVI). Re-normalized difference vegetation index (RDVI) showed an approximate linear relation to F v /F m regardless of ground cover. Hyperspectral remote sensing is an important technique to fulfill real-time monitoring for crop growth status based on its superior performance in acquiring vegetation canopy information rapidly and non-destructively. However, the regression analysis was based on only five points making it statistically uncertain. Other scientists used radiative transfer models to estimate F v /F m and found that a linear model based on NDVI produced the best estimate results 12 . There was a need for an investigation of the performance of VIs in different vegetation ecosystems 15 . Models based on linear F v /F m -NDVI relationships suffered from a major flaw -NDVI saturated at high leaf area index values 16 and, thus a linear model tended to be insensitive to F v /F m changes in such cases 17 . Another issue that needed to be recognized was the scarcity of data for boreal ecosystems. The majority of the above cited studies presented empirical evidence suggesting a functional relationship between F v /F m and hyperspectral VIs, and these were mostly focused on forests, grasses (prairies), and some crop types such as rice, wheat and cotton 18 . There were only few reports on quantitatively estimating F v /F m for wheat canopies using VIs from remote sensing data 19 . Besides, VIs-F v /F m relationships differed from one ecosystem type to another ecosystem due to the influences of vegetation type, strong background signals, canopy structure and spatial heterogeneity 20, 21 . Further, existing remote sensing-based F v /F m products lacked adequate ground validation, which was critical for establishing the uncertainty and accuracy of such products so that they could be used for guiding crop production practices 22, 23 . This study is motivated by the above-mentioned issues and focuses on exhaustive statistical analyses of F v /F m -VIs relationships for wheat canopies, using in-situ hyperspectral data collected from a series of field experiments, and aims at determining a practical methodology for estimating F v /F m of wheat canopies.
Results
Changes in wheat canopy F v /F m with growth stage. F v /F m revealed the progressive increase as the growth of wheat crops at different growth stages (Fig. 1 Table 1 ). These non-linear F v /F m assessment models were best represented as exponential functions and were evaluated using their predictive (R 2 ) and error statistics (RRMSE) ( Table 2) Table 2 . Quantitative relationships between the F v /F m absorbed (y) by wheat canopies and hyperspectral VIs (x). ++ indicates significant difference at the 0.01 probability level. 
Discussion
F v /F m was primarily controlled by ground cover and leaf area 24 . Before the jointing stage, F v /F m increased significantly (Fig. 1) , which was characterized by strong absorption of incoming F v /F m as wheat crops grew vigorously, adding leaf area, driven by nitrogen fertilization. This was followed by a lower rate of crop growth (and leaf area expansion), which was captured by the lower rate of F v /F m increase. According to agronomic principle of wheat, although the research was lack of F v /F m data after the milk stage, it was still available to conclude that leaves started to turn yellow and gradually litter, as the growth period went, and F v /F m declined in the combination of wheat's photosynthetic physiological characteristics. Until full-ripe stage, F v /F m was close to 0, because leaves took off green and became withered and died so that they were unable to absorb light energy and the accumulation of dry matter had stopped 25 . Significant efforts were presently focusing on the use of VIs in general, and NDVI in particular, for estimating vegetation canopy F v /F m . Furthermore, many studies indicated that VIs were better correlated to F v /F m than the reflectance in single wavebands 26, 27 , which could be plausibly explained by the fact that VIs could minimize the influence of atmospheric scattering and soil background and enhanced the information of the sensitive wavebands 28 . Similarly, this study found F v /F m to be strongly correlated to the majority of VIs (49 out of 56), with NPCI, MTCI and NDVI [900, 680] being the best performing VIs. This result is helpful to provide an important technique for the establishment of perfect wheat photosynthetic groups, the improvement of sunlight energy efficiency and the implementation of cultivation control.
As compared to the previous studies with NDVI, NPCI and MTCI for estimating the F v /F m gave the lower RRMSE and higher assessment accuracy than NDVI proposed in several studies. Future research should focus on evaluating the performance of the proposed model over wheat crops grown under a variety of conditions, different wheat varieties, as well as other crop types. This will help in refining the model as a useful tool for informing crop management practices. Efforts should also be made to test this model with data from different sourcesfield-based spectral measurements, as well as current and future satellite data.
Conclusion
VIs, like NDVI, were often plagued with saturation at high biomass areas, which was a major disadvantage for VIs-F v /F m models. We have addressed this issue by employing the differences in sensitivity of different VIs to F v / F m i.e. Spectral smoothing. Spectral smoothing process was performed in order to remove high frequency noise and the random errors caused by spectral measuring instruments, which enhanced signal to noise ratio. A five-point weighted smoothing method was used to process the raw spectral data 29 . Five-point weighted smoothing method is carried out using Equation (1):
Here, n is the weighted average of the intermediate data points in the filter window, namely the smoothed spectrum value, and m is the value of unsmoothed data points, namely the original spectral value.
F v /F m measurement. The chlorophyll fluorescence parameters of wheat leaves were determined by modulated fluorescence OS1-FL (Opti-Sciences, Tyngsboro, MA, USA) after the completion of each spectrum. First, the dark adaptation clamp was used to adapt the blade to 10 min, and then the initial light energy conversion efficiency of photosystem II (PS II) F v /F m was measured, and the calculation was repeated 9 times each time. The formula is as follows:
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Here, the F o is the basic fluorescence value under the dark adaptation condition; the F m is the maximum fluorescence value under the dark adaptation condition; the F v is the fluorescence value under the variable condition.
Hyperspectral VIs. In reference to previous studies, based on spectral characteristics of wheat and combined with the physical meaning of spectral index, a total of 56 VIs were considered (Table 3) 
Here, y i and ŷ i are the measured values and predicted values of wheat canopy F v /F m , respectively. n is the number of samples.
